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The recent diphoton excess signal at an invariant mass of 750 GeV can be interpreted in the
framework of left-right symmetric models with additional scalar singlets and vector-like fermions.
We propose a minimal scenario for such a purpose. Extending the LRSM framework to include
these new vector-like fermionic fields, on the other hand, results in interesting phenomenological
implications for the LRSM fermion masses and mixing. Furthermore, existence of such vector-like
fermions can also have interesting implications for baryogenesis and the dark matter sector. The
introduction of a real bi-triplet scalar which contains a potential DM candidate will allow the gauge
couplings to unify at ≈ 1017.7 GeV.
I. INTRODUCTION
The CMS and ATLAS collaborations have recently re-
ported a roughly 3σ excess in the diphoton channel at an
invariant mass of about 750 GeV in the first 3 fb−1 of
collected data from Run 2 of the LHC at 13 TeV [1, 2].
The Landau-Yang theorem forbids the possibility of a
massive spin one resonance decaying to γγ. The leading
interpretations of the excess within the context of new
physics scenarios therefore consist of postulating a funda-
mental spin zero or spin two particle with mass of about
750 GeV. However no enhancements have been seen in
the dijet, tt¯, diboson or dilepton channels posing a clear
challenge to the possible interpretations of this excess.
The absence of a peaked γγ angular distribution in the
observed events towards the beam direction disfavours
[3] the spin two hypothesis and the spin zero resonance
interpretation seems more favourable from a theoretical
point of view.
A large number of interpretations of the diphoton sig-
nal in terms of physics beyond the Standard Model have
been proposed in the literature [4–136]. One of the pos-
sibilities that has been largely explored in the literature
is a scalar or pseudo-scalar resonance produced through
gluon-gluon fusion and decaying to γγ via loop diagrams
with circulating fermions or bosons. A new resonance
coupling with the Standard Model (SM) t quark or W±
can give rise to such loop diagrams, however, they will
be highly suppressed at the large γγ invariant masses
and the dominant decay channel would have to be tt¯ or
W+W−. Hence the observation of the γγ resonance at
750 GeV (much greater than the electroweak symmetry
breaking scale) hints towards the existence of vector-like
fermions around that mass scale. Given that both the
ATLAS and CMS collaborations have suggested signal
∗Electronic address: f.deppisch@ucl.ac.uk
†Electronic address: chandan@prl.res.in
‡Electronic address: sudha.astro@gmail.com
§Electronic address: pratibha.pritimita@gmail.com
¶Electronic address: utpal@prl.res.in
events consistent with each other at a tempting 3σ sta-
tistical significance level, hinting towards a new physics
scenario, it is important to explore the possible model
framework that can naturally accommodate such vector-
like fermions.
From a theoretical stand point, a framework that can
explain the diphoton excess while being consistent with
other searches for new physics are particularly intrigu-
ing. To this end, one must mention the results reported
by the CMS Collaboration in the first run of LHC for the
right-handed gauge boson WR search at
√
s = 8 TeV and
19.7fb−1 of integrated luminosity [137]. A 2.8σ local ex-
cess was reported in the eejj channel in the energy range
1.8 TeV < meejj < 2.2 TeV, hinting at a right handed
gauge counterpart of the SM SU(2)L broken around the
TeV scale. The Left-Right Symmetric Model (LRSM)
framework with gR 6= gL can explain such signal with the
possibility of being embedded into a ultraviolet complete
higher gauge group [138–141]. It is thus an interesting
exercise to explore the possibility of naturally accommo-
dating the γγ excess also in such a framework.
In this paper, we explore the possibility of extending
the standard LRSM framework with vector-like fermions
and singlet scalars which can explain the diphoton sig-
nal. Adding such new vector-like fermionic fields, on
the other hand, results in interesting phenomenological
implications for the LRSM fermion masses and mixing.
Moreover, existence of such vector-like fermions can have
interesting implications for baryogenesis and the poten-
tial dark matter sector. In gauged flavor groups with left-
right symmetry [142] or quark-lepton symmetric mod-
els [143], vector-like fermions are naturally accommo-
dated while in LRSMs originating from D-brane or het-
erotic string compactifications also often include vector-
like fermions [144, 145]. We propose a minimal LRSM
that hosts such vector-like fermions and which can ex-
plain the diphoton signal. We also explore the possible
fermion masses and mixing phenomenology and the im-
plications of these vector-like particles in baryogenesis
and the dark matter sector.
The plan of rest of this paper is as follows. In section
II, we discuss the LRSM accommodating new vector-like
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2fermions and the implications on masses and mixing of
the fermions. In section III, we discuss the general as-
pects of the diphoton signal in the context of a scalar
resonance decaying to γγ through circulating vector-like
fermions in the loop. In section IV, we explore the possi-
bility of obtaining a gauge coupling unification including
the new vector like fields. In section V, we discuss the
implications of the vector-like fermions for baryogenesis
and the dark matter sector. In section VI, we summarize
and make concluding remarks.
II. LEFT-RIGHT SYMMETRIC MODEL
FRAMEWORK
The left-right symmetric extension of the SM has the
basic gauge group given by
GL,R ≡ SU(3)C × SU(2)L × SU(2)R × U(1)B−L, (1)
where B−L is the difference between baryon and lepton
number. The electric charge is related to the third com-
ponent of isospin in the SU(2)L,R gauge groups and the
B − L charge as
Q = T3L + T3R + 1/2(B − L). (2)
The quarks and leptons transform under the LRSM
gauge group as
qL =
(
uL
dL
)
≡ [2, 1, 1
3
, 3], qR =
(
uR
dR
)
≡ [1, 2, 1
3
, 3] ,
`L =
(
νL
eL
)
≡ [2, 1,−1, 1], `R =
(
νR
eR
)
≡ [1, 2,−1, 1],
where the gauge group representations are written in the
form [SU(2)L, SU(2)R, B − L, SU(3)C ].
Originally the left-right symmetric extension of the SM
[146–151], was introduced to give a natural explanation
for parity violation seen in radioactive beta decay and
to consistently address the light neutrino masses via see-
saw mechanism [152–156]. The latter form doublets with
the right handed charged fermions under the SU(2)R
gauge group. If SU(2)R breaks at around the TeV scale,
LRSMs offer a rich interplay between high energy col-
lider signals and low energy processes such as neutrino-
less double beta decay and lepton flavor violation [157].
The principal prediction of this scenario is a TeV scale
right-handed gauge boson WR. The CMS and ATLAS
collaborations had reported several excesses at around
2 TeV in Run 1 of the LHC, pointing towards such a
possibility. From the first results of Run 2, no dijet and
diboson excesses have been reported (more data is re-
quired to exclude the diboson excesses reported in run
1), the relatively “cleaner” eejj channel signal is still
present hinting at a 2 TeV WR. In light of the diphoton
excess it is important to revisit the LRSM framework to
explore the possibility of accommodating such signal and
the possible implications.
As already mentioned in the introduction and dis-
cussed in section III, the 750 GeV diphoton excess can be
explained through the resonant production and decay of
a scalar or pseudoscalar particle. To this end, we propose
a simple left-right symmetric model with a scalar singlet
S and vector-like fermions added to the minimal particle
content of left-right symmetric models 1.
We extend the standard LRSM framework to include
isosinglet vector-like copies of LRSM fermions. This kind
of a vector-like fermion spectrum is very naturally em-
bedded in gauged flavour groups with left-right symmetry
[142] or quark-lepton symmetric models [143]. The field
content of this model and the relevant transformations
under the LRSM gauge group are shown in Tab. I.
Field SU(2)L SU(2)R B − L SU(3)C
qL 2 1 1/3 3
qR 1 2 1/3 3
`L 2 1 -1 1
`R 1 2 -1 1
UL,R 1 1 4/3 3
DL,R 1 1 -2/3 3
EL,R 1 1 -2 1
NL,R 1 1 0 1
HL 2 1 1 1
HR 1 2 1 1
S 1 1 0 1
TABLE I: LRSM representations of extended field content.
The relevant Yukawa part of the Lagrangian is given
by
L =−
∑
X
(λSXXSXX +MXXX)
− (λLU H˜LqLUR + λRU H˜RqRUL
+ λLDHLqLDR + λ
R
DHRqRDL
+ λLEHL`LER + λ
R
EHR`REL
+ λLN H˜L`LNR + λ
R
N H˜R`RNL + h.c.), (3)
where the summation is over X = U,D,E,N and we
suppress flavour and colour indices on the fields and cou-
plings. H˜L,R denotes τ2H
∗
L,R, where τ2 is the usual sec-
ond Pauli matrix.
The vacuum expectation values (VEVs) of the Higgs
doublets HR(1, 2,−1) and HL(2, 1,−1) break the LRSM
gauge group to the SM gauge group and the SM gauge
group to U(1)EM respectively, with an ambiguity of par-
ity breaking, which can either be broken at the TeV
scale or at a much higher scale MP . In the latter case,
the Yukawa couplings can be different for right-type and
left-type Yukawa terms because of the renormalization
group running below MP , λ
R
X 6= λLX . Hence, we dis-
tinguish the left and right handed couplings explicitly
1 We assume the resonance to be a new singlet scalar and it can
easily be generalized to a pseudoscalar case.
3with the subscripts L and R. We use the VEV nor-
malizations 〈HL〉 = (0, vL)T and 〈HR〉 = (0, vR)T with
vL = 175 GeV and vR constrained by searches for the
heavy right-handed WR boson at colliders and at low en-
ergies, vR & 1 − 3 TeV (depending on the right-handed
gauge coupling). Due to the absence of a bidoublet Higgs
scalar, normal Dirac mass terms for the SM fermions are
absent and the charged fermion mass matrices assume a
seesaw structure. However, if one does not want to de-
pend on a “universal” seesaw structure, a Higgs bidoublet
Φ can be introduced along with HL,R.
After symmetry breaking, the mass matrices for the
fermions are given by
MuU =
(
0 λLUvL
λRUvR MU
)
, MdD =
(
0 λLDvL
λRDvR MD
)
,
MeE =
(
0 λLEvL
λREvR ME
)
, MνN =
(
0 λLNvL
λRNvR MN
)
, (4)
The mass eigenstates can be found by rotating the mass
matrices via left and right orthogonal transformations
OL,R (we assume all parameters to be real). For example,
the up quark diagonalization yields OLTU ·MuU · ORU =
diag(mˆu, MˆU ). Up to leading order in λ
L
UvL, the resulting
up-quark masses are
MˆU ≈
√
M2U + (λ
R
UvR)
2, mˆu ≈ (λ
L
UvL)(λ
R
UvR)
MˆU
, (5)
and the mixing angles θL,RU parametrizing O
L,R
U ,
tan(2θLU ) ≈
2(λLUvL)MU
M2U + (λ
R
UvR)
2
, tan(2θRU ) ≈
2(λRUvR)MU
M2U − (λRUvR)2
.
(6)
The other fermion masses and mixings are given anal-
ogously. For an order of magnitude estimate one may
approximate the phenomenologically interesting regime
with the limit λRUvR →MU in which case the mixing an-
gles approach θLU → mˆu/MˆU and θRU → pi/4. This means
that θLU is negligible for all fermions but the top quark
and its vector partner [90].
We here neglect the flavour structure of the Yukawa
couplings λL,RX and λSXX which will determine the ob-
served quark and leptonic mixing. The hierarchy of SM
fermion masses can be generated by either a hierarchy
in the Yukawa couplings or in the masses of the of the
vector like fermions.
As described above, the light neutrino masses are of
Dirac-type as well, analogously given by
mˆν =
λLNλ
R
NvLvR
MN
, (7)
It is natural to assume that MN  vR, as the vector
like N is a singlet under the model gauge group. In this
case, the scenario predicts naturally light Dirac neutrinos
[142].
III. DIPHOTON SIGNAL FROM A SCALAR
RESONANCE
One may attempt to interpret the diphoton excess at
as the resonant production of the singlet scalar S with
mass MS = 750 GeV. Considering the possible produc-
tion mechanisms for the resonance at 750 GeV it is in-
teresting to note that the CMS and ATLAS did not re-
port a signal in the ∼ 20fb−1 data at 8 TeV in Run 1.
One possible interpretation of this can be that the res-
onance at 750 GeV is produced through a mechanism
with a steeper energy dependence. Excluding the possi-
bility of an associated production of this resonance, the
most favourable mechanism is gluon-gluon fusion which
we here also consider as the dominant production mecha-
nism. Subsequently, the scalar with mass 750 GeV decays
to two photons via a loop as well. The cross section can
be expressed as
σ(pp→ γγ) = Cgg
MSs
ΓggBrγγ , (8)
with the proton centre of mass energy
√
s and the parton
distribution integral Cgg = 174 at
√
s = 8 TeV and Cgg =
2137 at
√
s = 13 TeV [14]. One can obtain a best fit
guess of the cross section by reconstructing the likelihood,
assumed to be Gaussian, from the 95% C.L. expected
and observed limits in an experimental search. For the
diphoton excess, we use a best fit cross section value of
7 fb found by combining the 95% CL ranges from ATLAS
and CMS at 13 TeV and 8 TeV for a resonance mass of
750 GeV [14].
Apart from the necessary decay modes of the scalar
S i.e, S → gg and S → γγ, S may also decay to other
particles; due to the necessary SM invariance and the fact
that MS > mZ , S → γγ necessitates the decays S → γZ
and ZZ which are suppressed by 2 tan2 θW ≈ 0.6 and
tan4 θW ≈ 0.1 relative to Γ(S → γγ) [14]. Furthermore,
S in our model may also decay to SM fermions due to
mixing with the heavy vector-like fermions. As described
above, the mixing is only sizeable for the top and its
vector partner. The total width is thereby given by ΓS ≈
Γgg + 1.7× Γγγ + Γtt¯.
We would like to stress that while the diphoton reso-
nance undoubtedly is the motivation behind this work,
the purpose of this paper is to construct a consis-
tent LRSM framework that can naturally accommodate
vector-like fermions taking the diphoton signal as a hint
and explore the consequent phenomenology. One can
find similar interpretations of the diphoton excess in
[90, 118, 119] in models with a singlet scalar accompanied
by vector-like fermions.
Production of a scalar resonance in gluon fusion via a
loop of vector-like quarks and subsequent decay of scalar
resonance to γγ via a loop of vector-like quarks and lep-
tons. There are contributions to Γ(S → γγ) from quark-
like vector fermion ψQ = U,D and lepton-like vector
fermion ψL = E propagating inside the loop. Apart from
quark-like vector fermion contributing to the production
of scalar through gluon fusion, there could be another
4top-quark mediated diagram via mixing with SM Higgs
boson.
In the LRSM framework discussed in section II, the
vector-like degrees of freedom contribute to the loop lead-
ing to S → gg and S → γγ. The partial decay widths
are given by [17]
Γγγ =
α2M3S
256pi3
∣∣∣∣∣∑
X
NCXQ
2
Xλ
′
SXX
MX
A
(
m2S
4M2X
)∣∣∣∣∣
2
,
Γgg = K
α2sM
3
S
128pi3
∣∣∣∣∣
C∑
X
λ′SXX
MX
A
(
m2S
4M2X
)∣∣∣∣∣
2
. (9)
Here, the sums in Γγγ and Γgg are over all and coloured
fermion species and flavours, respectively. NCX is the
number of color degrees of freedom of a species, i.e
1 for leptonic vector-like fermions and 3 for quark-like
fermions. Similarly, QX is the electric charge of the
species. The effective coupling of S to a fermion species is
λ′SXX = λSXX(O
R
X)1X(O
L
X)1X , i.e. the coupling λSXX
dressed with the corresponding left and right mixing ma-
trix element. The value of the parameters α ≈ 1/127,
αs ≈ 0.1 and K ≈ 1.7 [17] in which A(x) is a loop func-
tion defined by
A(x) =
2
x2
[x+ (x− 1)f(x)], (10)
with
f(x) =
 arcsin
2√x x ≤ 1
− 14
[
ln
(
1+
√
1−x
1−√1−x
)
− ipi
]2
x > 1.
(11)
In addition, the decay of S to a pair of fermions (here
only relevant for the top) is given by
Γff¯ =
NCf λ
′2
XffMS
16pi
(
1− 4M
2
f
M2S
)2/3
. (12)
In order to arrive at an estimate for the diphoton pro-
duction cross section, we assume that the vector fermion
masses and couplings to S are degenerate (MX , λSXX),
except for the the top partner (MT , λSTT ). In the limit
of large vector fermion masses MX &MS/2, we arrive at
the approximation for the partial widths,
Γgg
MS
≈ 1.3× 10−4
(
λSXX · TeV
MX
)2
,
Γγγ
MS
≈ 3.4× 10−7
(
λSXXTeV
MX
)2
,
Γtt¯
MS
≈ 1.3× 10−3
(
λTXXTeV
MT
)2
. (13)
As discussed in [14] in a model-independent fashion, the
diphoton excess can be explained for 10−6 . Γgg/MS .
2 × 10−3 (the upper limit is due to the limit from dijet
searches) and Γγγ/MS ≈ 10−6, as long as gg and γγ are
the only decay modes of S. In order to achieve this, the
top partner T needs to have a significantly weaker cou-
pling or heavier mass than the rest of the vector fermions.
Assuming the decay width to tt¯ contributes negligibly to
the total width, the diphoton cross section, Eq. (8) is
σ(pp→ γγ) ≈ 1.7 fb ·
(
λSXX · TeV
MX
)2
, (14)
The experimentally suggested cross section σ(pp →
γγ) ≈ 7 fb can be achieved with MX/λSXX ≈ 0.5 TeV
(and Γgg/MS ≈ 5 × 10−4 satisfying the dijet limit). In
such a scenario, the total width of S is of the order
ΓS ≈ 0.5 GeV, i.e. much smaller than the 45 GeV
suggested by ATLAS if interpreted as a single particle
resonance. Γγγ/Γgg can also be independently boosted
by introducing a hierarchy with leptonic partners lighter
than the quark partners. While certainly marginal and
requiring a specific structure among the vector fermions,
this demonstrates that the diphoton excess, apart from
the broad width seen by ATLAS, can be accommodated
in our model.
IV. GAUGE COUPLING UNIFICATION
In the previous section, we have discussed how the in-
clusion of new vector-like fermions in LRSM can aptly
explain the diphoton excess traced around 750 GeV at
the LHC. Interestingly this framework can also be em-
bedded in a non-SUSY grand unified theory like SO(10)
having left-right symmetry as its only intermediate sym-
metry breaking step with the breaking chain given as
follows
SO(10)
〈Σ〉−→G2213P 〈HR〉−→ G213 〈HL〉−→ G13. (15)
The SO(10) group breaks down to left-right symmetric
group G2213P ≡ SU(2)L×SU(2)R×U(1)B−L×SU(3)×P
via a non-zero VEV of Σ ⊂ 210H . Here, P is defined
as the discrete left-right symmetry, a generalized parity
symmetry or charge-conjugation symmetry. The vital
step is to break the left-right gauge symmetry and this
is attained with the help of the right-handed Higgs dou-
blet HR. Finally, the SM gauge group is spontaneously
broken by its left-handed counterpart HL. As described
above we add another scalar singlet S in order to ex-
plain the diphoton signal though it is not contributing to
the renormalization group (RG) evolution of the gauge
couplings.
In addition to the particle content described in Tab. I,
we include a bi-triplet η ≡ (3, 3, 0, 1) under G2213P to
achieve successful gauge unification. This can be con-
firmed by using the relevant RG equation for the gauge
couplings gi,
µ
∂gi
∂µ
=
bi
16pi2
g3i , (16)
5where the one-loop beta-coefficients bi are given by
bi = −11
3
C2(G) + 2
3
∑
Rf
T (Rf )
∏
j 6=i
dj(Rf )
+
1
3
∑
Rs
T (Rs)
∏
j 6=i
dj(Rs). (17)
Here, C2(G) is the quadratic Casimir operator for gauge
bosons in their adjoint representation,
C2(G) ≡
{
N if SU(N),
0 if U(1).
(18)
T (Rf ) and T (Rs) are the traces of the irreducible rep-
resentation Rf,s for a given fermion and scalar, respec-
tively,
T (Rf,s) ≡

1/2 if Rf,s is fundamental,
N if Rf,s is adjoint,
0 if U(1).
(19)
and d(Rf,s) is the dimension of a given representation
Rf,s under all SU(N) gauge groups except the i-th gauge
group under consideration. An additional factor of 1/2
should be multiplied in the case of a real Higgs repre-
sentation. Using the above particle content, the beta-
coefficients at one loop are found to be b2L = −19/6,
bY = 41/10, b3C = −7 from the SM to the LR breaking
scale and b2L = b2R = −13/6, bBL = 59/6, b3C = −17/3
from the LR breaking scale to the GUT scale. We have
also evaluated the two loop contributions which give a
very marginal deviation over one loop contributions. The
resulting running of the gauge couplings at one loop and
two loop orders are shown in Fig. 1 with the breaking
scales
MGUT = 10
17.75 GeV, MLR = 10 TeV. (20)
V. IMPLICATIONS FOR BARYOGENESIS AND
DARK MATTER
The vector-like fermions added to the spectrum of the
LRSM framework can have very profound implications
for a baryogenesis mechanism such as leptogenesis and
the dark matter sector. While the proposal of high scale
leptogenesis via singlet heavy Majorana neutrinos (or a
heavy Higgs triplet) decay added to the SM is beyond the
reach of the present and near future collider experiments,
the LRSM scenario provides a window of opportunity for
low TeV scale leptogenesis testable at the LHC. How-
ever, the observation of a 2 TeV WR boson at the LHC,
through confirmation of the 2.8σ signal of two leptons
and two jets reported by the CMS collaboration, would
rule out the possibility of high scale as well as TeV scale
resonant leptogenesis with the standard LRSM fields due
to the unavoidable fast gauge mediated B − L violating
interactions [158–165].
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FIG. 1: Gauge coupling running in the considered model ac-
commodating the diphoton excess, demonstrating successful
gauge unification at the scale MGUT = 10
17.75 GeV with an
intermediate left-right symmetry breaking scale at 10 TeV.
The dashed lines correspond to one loop RGE of gauge cou-
plings while the two loop effects are displayed in solid lines.
On the other hand, the new vector-like fermions added
to the LRSM to accommodate the diphoton excess can
open a whole new world of possibilities. A particularly
interesting possibility is the realization of baryogenesis
and dark matter annihilation through a vector-like por-
tal first explored in [166]. As an example, consider the
following additional terms in the Lagrangian,
L ⊃− (λXUXuRUL + h.c.)−m2XX†X − λX(X†X)2
− λHXH†HX†X, (21)
where X is an inert doublet (a singlet complex) dark
matter scalar field in the LR(SM) case. X is charged
under some exotic global U(1)χ symmetry, under which
only the vector-like quarks and dark matter fields trans-
form non-trivially. Thus, the introduction of a vector-like
quarks can connect the dark matter to the usual LR(SM)
quarks, which can be readily used to make a connec-
tion between the baryon asymmetry and dark matter, as
pointed out in [166]. In rest of this section we focus on
sketching the simpler case of the extended SM which can
be expanded to the LRSM case by replacing the singlets
with appropriate doublet representations. However, in
the case of the LRSM some subtleties are present and
we comment on them towards the end of this section.
On the other hand, this idea can easily be generalized to
accommodate a down-type quark portal or charged lep-
ton portal (corresponding to a leptogenesis scenario of
baryogenesis).
The basic idea behind the vector-like portal is to gen-
erate an asymmetry in the vector-like sector through
baryogenesis, which then subsequently gets transferred
to the SM baryons and the dark matter sector through
the renormalizable couplings in Eq. (21). In addition one
can introduce a scalar field Y with the couplings
L ⊃− (λνY Y νRνR + h.c.)−m2Y Y †Y − λY (Y †Y )2
− λXYX†XY †Y, (22)
6which allows the annihilation of a pair of X into Y fields.
The latter can subsequently decay into two singlet right
handed neutrinos ensuring the asymmetric nature of the
dark matter X relic density for a large enough annihila-
tion cross section. Now turning to the question of how to
generate the primordial asymmetry in the vector-like sec-
tor which defines the final dark matter asymmetry and
baryon asymmetry, let us further add two types of heavy
diquarks with the couplings
L ⊃ λ∆UL∆uULUL + λ∆UR∆uURUR + λ∆d∆ddRdR
+ λχ∆u∆d∆dχ+ h.c., (23)
where ∆u : (6¯, 1,−4/3), ∆d : (6¯, 1, 2/3) and the field χ
breaks the local U(1)χ symmetry under which X and
U have non-trivial charges denoted by qχ(U) and qχ(X).
For the SM fields this charge is simply B−L, which right
away gives qχ(∆d) = −2/3. The rest of the charges are
determined in terms of the free charge qχ(U),
qχ(∆u) = −2qχ(U), qχ(χ) = 2qχ(U) + 4/3,
qχ(X) = 1/3− qχ(U). (24)
In order too forbid the dangerous proton decay induced
by the operators O = X2, S2, X2S2, X4, S4 [167], one
needs to satisfy the condition
qχ(O) 6= n(2qχ(U) + 4/3), where n = 0,±1,±2, · · · .
(25)
From Eq. (23) it follows that after χ acquires a VEV to
break the U(1)χ symmetry, ∆u has the decay modes
∆u → ∆∗d∆∗d, ∆u → U¯ U¯ , (26)
and a CP asymmetry (between the above modes and
their conjugate modes) can be obtained by interference
of the tree level diagrams with one loop self energy dia-
grams with two generations of ∆u. Finally, the asymme-
try generated in the vector-like quarks gets transferred to
the dark matter asymmetry and baryon asymmetry via
the λXU term in Eq. (21). This mechanism gives a ra-
tio between the dark matter relic density and the baryon
asymmetry given by
ΩDM/mX
ΩB/Mp
=
79
28
, (27)
and in this model a dark matter mass mX ∼ 2 GeV. A
typical prediction of this model is neutron-antineutron
oscillations induced by the up-type and two down-
type diquarks through the mixing of vector-like up-type
quarks with the usual up quarks. However, such oscilla-
tions will be suppressed by the mixing.
One can similarly construct a leptogenesis model in-
volving vector-like charged leptons. In case of the LRSM
a generalization of the above scheme is straightforward;
however, the lepton number violating gauge scattering
processes involving a low scale WR can rapidly wash
out any primordial asymmetry generated above the mass
scale of WR. In fact, some of these gauge processes
can continue to significantly reduce the generation of
lepton asymmetry below the mass scale of WR, thus
the vector-like quark portals seem to be more promis-
ing in this case. Other alternatives include mechanisms
like neutron-antineutron oscillation or some alternative
LRSM scheme such as the Alternative Left-Right Sym-
metric Model [168] where the dangerous gauge scatter-
ings can be avoided by means of special gauge quan-
tum number assignments of a heavy neutrino [169]. Also
note that, in general, one can utilize the singlet neutral
vector-like lepton as a dark matter candidate by ensuring
the stability against decay into usual LRSM fermions.
Finally, the real bi-triplet scalar field η introduced to
achieve successful gauge unification can also be a poten-
tial dark matter candidate.
In passing, we would like to mention that attempts
have been made in the literature to address the broad-
ness of the resonance using an invisible component of
the scalar width. This in turn gives a large monojet
signal which have been constrained from run-1 monojet
searches at ATLAS [170] and CMS [171], see for exam-
ple Ref. [39]. However, the monojet search data seems to
disfavor the required rates to explain the broadness of the
resonance. In our model, S can couple to XX† and Y Y †
etc. leading to decay of S into them, which produces
missing energy final state. This mode can be constrained
from monojet searches as long as MX,Y < MS/2. Even
without the scalar S being directly coupled to X’s, its
decay can produce a pair jets and X’s via the λXU cou-
pling term in Eq. (21), which can again be constrained
using dijet searches at ATLAS and CMS. In the discus-
sion above we assume that these constrains are respected
if MX,Y < MS/2. While for the case MX,Y > MS/2, the
monojet and the dijet constraints are no longer applica-
ble since in this case S will decay via a loop of X(Y )’s.
VI. CONCLUSIONS
We have considered a unified framework to explain the
recent diphoton excess reported by ATLAS and CMS
around 750 GeV. The addition of vector-like fermions
and a singlet scalar S to LRSM but without a scalar
bidoublet explains the fermion masses and mixing via a
universal seesaw mechanism. The diphoton signal with
σ(pp → S → γγ) ≈ 4 − 12 fb can be explained in this
model with TeV scale vector fermions. The broad width
suggested by the ATLAS excess cannot be understood,
though.
We successfully embed this model within an SO(10)
GUT framework by introducing a real bi-triplet scalar.
This additional scalar, which contains a potential DM
candidate, allows the gauge couplings to unify at the
scale 1017.7 GeV. We also discuss further possibilities in
this class of LRSM models with vector-like fermions for
mechanisms of baryogenesis and DM.
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